Introduction-The soleus H-reflex is dynamically modulated during walking. However, modulation of the gastrocnemii H-reflexes has not been studied systematically.
Introduction
The soleus H-reflex is dynamically modulated during motor tasks in humans. The soleus Hreflex amplitude at a given background electromyography (EMG) level decreases from standing to walking, and from walking to running (i.e., task-dependent modulation) [1] [2] [3] [4] . Furthermore, the soleus H-reflex is modulated during walking depending on the phase of the gait cycle (i.e., phase-dependent modulation) [3] [4] [5] . In contrast to the large number of investigations of modulation of the soleus H-reflex, the number of studies of H-reflexes in its synergists, medial and lateral gastrocnemius (MG and LG, respectively) have been limited to specific tasks such as hopping 6, 7 , landing 7, 8 , and lengthening and shortening contraction 9 . In general, the H-reflexes of the soleus and the gastrocnemii were modulated during a motor task in similar ways, although Pinniger et al. 9 found that the ratio of maximum H-reflex to maximum M-wave was larger in the soleus than in the MG. On the other hand, Moritani et al. 6 reported that the amplitude of the MG H-reflex during hopping elicited shortly after foot contact increased as force and speed of the motor task increased, whereas the soleus H-reflex showed an opposite pattern. However, this study had only one subject, and the H-reflex size was not evaluated in relation to the background EMG level; thus, it is not clear how differently the H-reflex is modulated during hopping between the soleus and the MG. The MG and LG, together with the soleus, are traditionally considered as one functional unit of ankle plantarflexor muscles (i.e., the triceps surae) 10 . However, to date, whether and to what extent the MG and LG H-reflexes are modulated between and during standing and walking have not been studied.
There are several clear differences between the gastrocnemii and the soleus. Anatomically, the gastrocnemius muscles are two-joint muscles which operate at both the ankle and knee joints, whereas the soleus is a single-joint plantarflexor muscle. Thus, ankle and/or knee joint motion influences their lengths and consequent motor outputs differently 11 . Histochemical properties (i.e., muscle fiber type) are also different between the soleus and the gastrocnemii [12] [13] [14] . Their fiber type differences affect their resistance to fatigue 15 , contractile properties 16 , and EMG activity patterns during standing and walking 17, 18 . The gastrocnemii are often categorized as phasic muscles, because they are mainly activated during phasic activity (e.g., walking) to provide impetus to a motion 18 , whereas the soleus is categorized as a tonic muscle, because it has a main role in tonic actions such as postural control 17, 19 . Duysens et al. 20 reported that the soleus was constantly activated during standing, while the MG was almost silent. This causes the EMG activity of the soleus to always be larger than that of the MG. During walking, the MG was nearly as active as the soleus, but its activation started later in the stance phase.
As for the differences in spinal reflexes, Levy 21 measured stretch reflexes and H-reflexes of the human soleus and MG in a prone position and found that the amplitudes of both reflexes were always greater in the soleus than in the MG. He linked the amplitude differences to an observation in previous animal studies, which demonstrated that muscle spindle density is greater in the soleus than in the MG in cats 22, 23 . Furthermore, in cats, the soleus motoneurons were reported to have larger total excitatory post-synaptic potentials (EPSPs) produced by Ia afferent volleys from a variety of muscles than its synergists MG and LG 24, 25 . The larger total EPSP in the soleus than in the MG and LG was also reported in a non-human primate study 26 . Moreover, in decerebrate cats, Nichols 27 showed that organizations of the heterogenic reflexes (either excitatory or inhibitory) among the three muscles were different between the quiescent condition (i.e., resting) and activated conditions and thus suggested that the soleus and gastrocnemii have different roles in coordinating posture and movement.
In sum, based on the available anatomical, histological, and electrophysiological evidence, it is conceivable that gastrocnemii and soleus spinal reflexes are differentially modulated during motor tasks. However, to our knowledge, there has been no systematic investigation of task-and/or phase-dependent modulation of the MG or LG H-reflexes. In this study, we examined the MG and LG H-reflexes during standing and walking to delineate the characteristics of MG and LG H-reflex modulation and to compare it to the well-known soleus H-reflex modulation.
Materials and Methods

General Procedure
Twenty-four subjects with no known neurological disorders (13 men and 11 women aged 21-54 yrs) participated in the study. The subjects understood the purposes and procedures of the experiments and signed the consent form before participation. All protocols were approved by the Institutional Review Boards for Human Research of the University of North Carolina at Chapel Hill (Chapel Hill, NC) and Helen Hayes Hospital (West Haverstraw, NY).
In all experiments, EMG activity was recorded from the soleus, MG, LG, and tibialis anterior (TA) muscles with self-adhesive surface Ag-AgCl electrodes (Vermed, Bellows Falls, VT). After placing the EMG electrodes on the skin over the muscles, maximum voluntary contraction (MVC) was measured for soleus, MG, and LG during standing. Then, the H-reflexes and the M-waves of the three muscles were elicited by stimulating the tibial nerve while the subject was standing upright or walking on a treadmill. This study consisted of three subsets of experiments. All 24 subjects participated in the Hreflex and M-wave recruitment curve measurement. Nineteen subjects participated in the measurement of H-reflex during standing with a fixed level of background EMG. In 11 subjects, task-and phase-dependent modulation of H-reflex was examined during standing and walking. For details, see H-reflex measurements of the soleus, MG, and LG below.
H-reflex measurements of the soleus, MG, and LG
For all 24 subjects, the H-reflex and M-wave recruitment curves were obtained from the soleus, MG, and LG simultaneously while the subject stood and maintained a pre-defined level (usually 10-15% of the MVC) of rectified soleus EMG activity (see Electrical stimulation and EMG recording). The stimulus level was increased in steps of 1.25-2.5 mA from the soleus H-reflex threshold to just above the level that was required to elicit the maximum M-wave (Mmax) in all three muscles 3, 28, 29 . Generally, ten different stimulus levels were used to obtain the recruitment curve, and four EMG responses were recorded and averaged at each level. For 19 subjects, the H-reflexes of the soleus, MG, and LG were elicited 225 times (3 blocks of 75 trials) to examine the relation among the three muscles' H-reflexes. The trial occurred during standing while the soleus EMG activity was maintained within a pre-defined range (i.e. 10-15% MVC) (see EMG recording and electrical stimulation). The stimulus level was set at just above the soleus M-wave threshold. Small adjustments were occasionally needed to maintain the same soleus M-wave amplitude throughout the 225 trials. By doing so, the MG and LG M-wave amplitudes were also maintained, as the M-waves of the three muscles usually changed in very similar ways. The MG and LG M-waves were also monitored throughout these trials. For 11 subjects, the H-reflexes of the soleus, MG, and LG were measured during standing with various levels of background activity and during walking to assess task-and phasedependent modulation of the H-reflex. During standing, the subject was instructed to match the soleus background activity to specific target levels (4 to 5 different levels within 5-100% MVC range) while approximately 10 consecutive stimuli were applied at each level (see EMG recording and electrical stimulation). Thus, roughly 50 H-reflexes were recorded from the soleus, MG, and LG. Small adjustments of stimulus current were occasionally made to maintain the same soleus M-wave amplitude. After completing the H-reflex measurement during standing, the subject walked on a horizontal treadmill at his/her comfortable speed (average 0.9 m/s) while the tibial nerve was pseudo-randomly stimulated to elicit the H-reflexes (see Electrical stimulation and EMG recording). Foot switches (Bortec Biomedical, Calgary, Canada) were inserted between the subject's shoe and the heel to detect heel contact during walking. Several different stimulus levels were used to obtain the H-reflexes with the same M-wave size across different phases of the gait cycle 2, 4, 30 (see Data analysis).
Electrical Stimulation and EMG Recording
Self-adhesive surface Ag-AgCl electrodes (2.2 × 2.2 cm for the cathode and 2.2 × 3.5 cm for the anode; Vermed, Bellows Falls, VT) were placed on the skin over the popliteal fossa to stimulate the tibial nerve using a Grass S48 stimulator (with CCU1 constant current unit and SIU5 stimulus isolation unit; Astro-Med, West Warwick, RI). For the EMG activity recording, a pair of self-adhesive surface Ag-AgCl electrodes (2.2 × 3.5 cm, Vermed, Bellows Falls, VT) was placed longitudinally on the skin over the soleus just below the gastrocnemii with an interelectrode distance of 3 cm. EMG recording electrodes were also placed over the center of the muscle bellies of the MG, LG, and TA. Pairs of electrodes for the soleus, MG, and LG muscles were placed at least 7 cm apart between the muscles to minimize cross-talk. For each subject, the locations of the nerve stimulating electrodes were selected so that the stimulus current eliciting the soleus H-reflex was as low as possible, and the soleus maximum H-reflex (Hmax) and Mmax were as large as possible. Once these locations were selected, the placements of the MG and LG EMG recording electrodes were adjusted slightly to ensure that the lowest H-reflex threshold and the largest Hmax and Mmax amplitudes were achieved in each muscle.
EMG signals were amplified, band-pass filtered (10-1000 Hz), and recorded with a custommade system and Axoscope (Molecular Devices Inc., Sunnyvale, CA) at 5000 Hz (for standing data) or 2000 Hz (for walking data). During standing, the EMG and nerve stimulus signals were recorded for a period of 200 ms in response to each test stimulus pulse including a prestimulus period of 50 ms. In addition, the soleus EMG signals were rectified, averaged every 100 ms, and shown on the computer screen as a bar graph for visual feedback. If the soleus background EMG was kept in the specified range (i.e., natural standing level, typically 10-15% MVC) for 2 s and if 5 s had passed since the last stimulus (i.e., the minimum interstimulus period was 5 s), a square stimulus pulse with 1 ms of duration was delivered to elicit the H-reflex and M-wave. During the measurement of the standing H-reflexes with various background activity levels, the visual feedback was used to help the subject grade the background EMG activity from 5 to 100% MVC levels. In order to simplify the task, no feedback of the MG and LG background EMG activity was provided. During walking, the EMG activity, heel contact, and nerve stimulation signals were continuously recorded while the H-reflexes were elicited at pseudo-random intervals (i.e., interstimulus interval of 2.5-4.5 s). This was to ensure that the H-reflexes were obtained at various phases throughout the entire gait cycle. No more than one stimulus was delivered per gait cycle, and there was at least one gait cycle without stimulation between stimulated cycles 3, 31, 32 .
MVC measurements of the soleus, MG, and LG
The MVC values of the soleus, MG, and LG were determined as the maximum rectified EMG level. The subject stood on both feet with heels slightly raised from the ground, and often shifted body weight onto the tested leg as the level of contraction increased. Also, if necessary, vertical resistance was applied by either pressing down the subject's shoulders or asking the subject to push up against the hand-rail that was placed in front for balancing. The subject was asked to exert maximum effort to activate the plantarflexors for 5 s. Three MVC measurements were made with short breaks in between. Average EMG activity of the middle 3 s was calculated for the soleus, MG, and LG, and the highest value of the three trials was taken as the muscle's MVC.
Data analysis
All analyses were done with a custom-written MATLAB program (Mathworks, Natick, MA). To measure the background activity level during standing, rectified EMG activity in the 50-ms prestimulus period was averaged. For the background activity during walking, the EMG data measured during unstimulated steps were averaged and used as the control EMG activity 3, 31, 32 . Thus, the background activity of the stimulated step at a certain time in the gait cycle was calculated from the averaged EMG activity during the unstimulated steps at a corresponding time.
The H-reflex and the M-wave amplitudes were measured as the peak-to-peak values in time windows determined for each subject. Typically, for the soleus, a time window of 33-47 ms post-stimulus was used for the H-reflex and 6-23 ms post-stimulus for the M-wave. For the MG the typical windows were 31-42 ms for the H-reflex and 4-20 ms for the M-wave, and for the LG they were 32-43 ms for the H-reflex and 4-20 ms for the M-wave. For all three muscles, the Hmax, Mmax, and Hmax/Mmax ratio were obtained from the recruitment curve measurement. In order to evaluate the MG and LG H-reflex amplitudes during standing in relation to the soleus H-reflex amplitudes, the MG or LG H-reflexes were plotted against the soleus H-reflexes. Then, using linear regression analysis, their correlations were calculated as the coefficient of determination (R 2 ).
To investigate the task-and phase-dependent modulation of the H-reflex, trials with consistent M-wave size were selected for data analysis for each of the three muscles in order to compare between tasks (i.e. standing and walking) or across various phases of the gait cycle at equal stimulus levels 2, 4, 30 . Thus, some of the responses with too large or too small M-waves were eliminated from further analyses. The standing data with various background EMG levels were sorted based on the background activity, and the H-reflex amplitude and background activity were averaged every 4-5 trials to yield approximately ten data points for each muscle. For the walking data, the gait cycle was determined using heel contact signals. Then, the entire gait cycle was divided into 12 equal bins, and each muscle's Hreflex amplitudes and background activity were averaged for each bin 3 . Approximately 10 responses were averaged in each bin. To compare the H-reflex amplitudes between the two tasks, the standing and walking H-reflexes were plotted as a function of the background EMG activity for each muscle 1, 4 . To evaluate H-reflex modulation during walking, the modulation index [100 × (maximum H-reflex -minimum H-reflex)/maximum Hreflex] 3, 33 was calculated over the gait cycle. For statistical comparisons between muscles and tasks, the background EMG activity was normalized to the MVC value, the H-reflex amplitude was normalized to the Mmax amplitude, and the normalized values were averaged across the subjects. All group average data were presented as mean ± standard error (SE). Statistical differences among the muscles were examined using paired t-tests, if not indicated otherwise. The α level was set at 0.05. To correct the significance level for multiple comparisons, Sidak correction [1-(1-α) 1/n ] was used to determine the p-value threshold. That is, for comparing among the three triceps muscles (i.e., 3 potential comparisons), we used 1-(1-0.05) 1/3 = 0.017 as the threshold for significance.
Results
Hmax and Mmax during standing
Typical examples of H-reflexes and M-waves during standing in the soleus, MG, and LG are shown in Figure 1 . The H-reflexes and the M-waves of the three muscles were simultaneously recorded in response to a test stimulus, while the background EMG activity levels of the soleus, MG, and LG remained within a narrow range (i.e., typically 10-13% MVC for the soleus, 3-8% MVC for the MG, and 3-8% MVC for the LG) throughout the measurement.
The average Hmax/Mmax ratios (± SE) from 24 subjects for the soleus, MG, and LG were 0.45 (± 0.05), 0.20 (± 0.03), and 0.20 (± 0.03), respectively. The average Hmax/Mmax ratio of the soleus was significantly larger than that of the MG and LG (p<0.01, paired t-test, for both MG and LG). There were no significant differences in the average Mmax among the three muscles (soleus: 8.12 ± 0.58 mV, MG: 6.84 ± 0.56 mV, and LG: 6.47 ± 0.57 mV, paired t-test). The average Hmax of the soleus was significantly larger than that of the MG and LG (p<0.01, paired t-test, for both MG and LG, soleus: 3.33 ± 0.36 mV, MG: 1.14 ± 0.12 mV, and LG: 1.13 ± 0.14 mV).
Figures 1a, c, and e show the H-reflexes and M-waves at 11 different stimulus levels during standing in a typical subject. Four sweeps are superimposed at each stimulus level. Conventional recruitment curves for these responses are shown in Figures 1b, d , and f. These panels show that the absolute H-reflex amplitude of the soleus was much larger than that of the MG and LG at a given stimulus level. In addition, in this subject, the latencies of both the H-reflex and the M-wave were slightly shorter for the MG and LG than for the soleus (for the soleus, MG, and LG, M-wave onset latencies were 6 ms, 4.5 ms, and 4 ms, and H-reflex onset latencies were 32 ms, 31 ms, and 30 ms, respectively), due to the more proximal locations of the MG and LG electrodes compared to the soleus electrodes. These differences in the M-wave and H-reflex latency, shape, and size development in response to the increasing stimulus level among the soleus, MG, and LG also indicate that the signal sources for these EMG channels were different from each other and that cross-talk among the three EMG channels was very small, if present at all.
MG and LG H-reflexes in relation to the soleus H-reflex
The correlations among the H-reflex amplitudes of the soleus, MG, and LG were examined during standing with consistent background activity (i.e., 10-13 %MVC for the soleus, 3-8 %MVC for the MG, and 3-8 %MVC for the LG) and M-wave amplitude at just above threshold (i.e., typically 3-5 %Mmax for the soleus, 15-20 %Mmax for the MG, and 17-22 %Mmax for the LG). A typical stimulus level used for this measurement is indicated by arrows in Figures 1b, d , and f. Sample correlation plots from one subject are shown in Figure 2a -c. In Figure 2a and b, all data points were below the unity slope lines (i.e. dotted lines), suggesting that the amplitudes of the MG and LG H-reflexes were smaller than that of the soleus. Although there were amplitude differences between the soleus and both gastrocnemii, the H-reflex amplitudes in the three muscles were strongly correlated with each other. Significant linear correlations were present in all pairs in all subjects (p<0.01), and the R 2 values (± SE) among all subjects for the soleus-MG, soleus-LG, and MG-LG pair were 0.47 ± 0.06, 0.57 ± 0.05, 0.48 ± 0.06, respectively. Figure 3 shows the H-reflexes during standing and walking in one subject as a function of the background activity. The group average M-wave amplitudes (± SE) were matched between the tasks: standing vs. walking, 0.60 ± 0.08 mV vs. 0.67 ± 0.08 mV for the soleus (p=0.14, paired t-test), 0.68 ± 0.10 mV vs. 0.66 ± 0.09 mV for the MG (p=0.38), and 0.86 ± 0.23 mV vs. 0.77 ± 0.20 mV for the LG (p=0.14). In Figure 3 , the linear regression lines are fitted to aid the H-reflex amplitude comparison between the tasks. R 2 values of the fitted lines for the soleus, MG, and LG are 0.74, 0.74, and 0.83, respectively, for standing, and 0.63, 0.55, and 0.82 for walking. As seen in Figure 3 , the soleus H-reflex amplitude was greater during standing than during walking, similar to the finding of Capaday and Stein 4 . This task-dependent modulation of the reflex amplitude was also seen in the MG and LG.
Task-dependent modulation of the H-reflex
For the statistical comparison between the tasks, the background EMG activity was normalized using the MVC value, and the H-reflex amplitude was normalized using the Mmax value. Since there were relatively few data points above the 60% MVC during walking, the data from background EMG levels below 60% MVC were used for the statistical comparison between the tasks 3 . Also, because there was little or no H-reflex observed near 0% MVC during walking (i.e., swing phase) due to phase-dependent modulation, in order to evaluate the extent of task-dependent modulation, H-reflexes below 20% MVC were not included in this part of analysis. Thus, the_average H-reflex amplitudes (normalized to Mmax) for background EMG levels of 20-60% MVC were calculated for each subject. The mean values among all subjects are shown in Figure 4 . The H-reflex amplitude was significantly larger during standing than during walking in all three muscles (p<0.01 in the soleus and MG, p<0.05 in LG, paired t-test). The relative size difference between the tasks (i.e. walking amplitude/standing amplitude ratio) was calculated for each muscle and for each subject. The group average ratios (± SE) for the soleus, MG, and LG were 0.64 ± 0.08, 0.49 ± 0.06, and 0.71 ± 0.10, respectively, which did not differ significantly from each other (p=0.17 for soleus vs. MG, p=0.61 for soleus vs. LG, and p=0.07 for MG vs. LG). Figure 5 shows H-reflex modulation during walking as a function of the gait cycle phases as well as the locomotor EMG activity in the soleus, MG, and LG in one subject. The locomotor EMG activity for each muscle was obtained by averaging 73 unstimulated steps. The M-wave amplitudes were consistent throughout the gait cycle as indicated by dotted lines. The average M-wave amplitudes showed no significant changes throughout the 12 bins (p=0.12 for soleus, p=0.86 for MG, and p=0.10 for LG, one-way repeated measures ANOVA). Similar to the previous studies [2] [3] [4] 30 , the soleus H-reflex amplitude was low at heel-contact, gradually increased to its maximum value toward late stance phase, and rapidly decreased at the beginning of the swing phase. This strong phase-dependent modulation was also seen in the MG and LG. Indeed, average modulation indices (± SE) of the three muscles among all subjects were high (98.3 ± 0.3 for the soleus, 96.1 ± 0.9 for the MG, and 96.1 ± 0.7 for the LG), indicating that the H-reflexes in each muscle are highly modulated during walking based on gait cycle phase. The modulation indices for the MG and LG were statistically smaller than that for the soleus (p<0.01 for both MG and LG, paired t-test), probably due to smaller H-reflex amplitudes in the MG and LG. Patterns of the EMG activity and H-reflex modulation were similar during locomotion in each muscle (i.e., high in the late stance phase and silent during the swing phase).
Phase-dependent modulation of the H-reflex
Discussion
The purpose of this study was to examine the H-reflexes of the MG and LG in humans, in comparison to the well-known soleus H-reflex. The H-reflexes of the soleus, MG, and LG were measured during standing and walking to examine the phase-and task-dependency of the reflex amplitudes. Although the Hmax/Mmax ratios were significantly different between the soleus and the gastrocnemii, the H-reflex amplitudes in response to single test stimuli were strongly correlated among the three muscles during standing. The MG and LG Hreflex amplitudes were modulated depending on the task (i.e., standing vs. walking) and on the phase of the gait cycle. The pattern of the modulation was similar to that seen with the soleus H-reflex.
The Hmax/Mmax ratios of the MG and LG were smaller than that of the soleus
The Hmax amplitudes calculated from the recruitment curves of the three muscles were significantly different: the soleus Hmax was larger than the MG or LG Hmax. While there were no statistical differences in the Mmax of all three muscles, the Hmax/Mmax ratio of the soleus was significantly larger than that of the MG or LG. Those results are consistent with previous animal data 34 . Several possible explanations can be given regarding what make the Hmax/Mmax ratios different between the soleus and the gastrocnemii. First, the soleus and the gastrocnemii have different compositions of muscle fiber types. Type I ("slow") muscle fibers are predominant in the soleus (70-90%) whereas type I and II ("fast") muscle fibers are equally common (50% for both types) in the gastrocnemii [12] [13] [14] . Thus, motoneurons that innervate the soleus and the gastrocnemii have different properties such as axon diameter and cell size, which will greatly influence the recruitment of H-reflex and M-wave at different stimulus levels in each muscle 35 . During the recruitment curve measurement, the motoneurons are recruited into the H-reflex activation by the Ia afferent volley from the smallest to largest in an orderly manner in accordance with the size principle 36 while the order of the recruitment is reversed for the M-wave (i.e., from the largest motoneurons to the smallest motoneurons) as electrical stimulation first activates axons with larger diameters 37 . Thus, as the stimulus level increases, the reflex activation of relatively large motoneurons would theoretically be occluded by the antidromic motor volley on the same motor axons [37] [38] [39] and/or the refractoriness of the motoneurons due to the antidromic efferent conduction 40 , thereby contributing to the falling part of the H-reflex recruitment curve. Indeed, in the human soleus, activation of slow-twitch fibers (i.e., innervated by smaller motoneurons with smaller axon diameters) is mainly responsible for the H-reflex 41 . The fact that the soleus motoneuron pool contains more small motoneurons to be recruited into the H-reflex than the MG or LG pools would, at least partially, explain the smaller Hmax amplitudes of the MG and LG when compared to that of the soleus [12] [13] [14] [37] [38] [39] [40] . Second, it is known that the EPSPs evoked by Ia afferents from a wide variety of muscles (i.e., homonymous and heteronymous inputs) are larger in soleus motoneurons than in MG and LG motoneurons in cats 24, 25, 42 and non-human primates 26, 43 . This would explain partially why the H-reflex amplitudes of the MG and LG were smaller than that of the soleus (see Figure 1 ). In addition, in cats, the number of muscle spindles is greater in the soleus than in the MG 22 . If the same uneven distribution of spindles exists in humans, the number of Ia afferents is presumably smaller in the gastrocnemii than in the soleus, possibly leading to less homonymous Ia excitation of the motoneuron at a given stimulus level in the gastrocnemii when compared to the soleus. However, the counts of the muscle spindles in cats are not consistent between studies 22, 23 , and human data are unavailable. Other factors that affect the H-reflex amplitude, such as presynaptic inhibition and postsynaptic inhibition [44] [45] [46] , may differently influence H-reflex recruitment (i.e., Hmax and Hmax/Mmax ratio) between the soleus and gastrocnemii (see Discussion by Schieppati 38 ). For example, presynaptic inhibition can alter synaptic transmission in a monosynaptic reflex pathway, and this inhibitory mechanism can selectively affect different afferent terminals from the same muscle 47 . However, to our knowledge, no study has reported differences in the influence of presynaptic inhibition among the shared Ia innervations of human soleus, MG, and LG muscles.
The amplitudes of the MG and LG H-reflexes co-vary with soleus H-reflex amplitude
In this study, the level of electrical stimulation for eliciting the H-reflex in all three muscles was set at just above the M-wave threshold during standing (Figure 2) . Thus, the reflexes of all three muscles were elicited in the ascending part of the recruitment curve (i.e., before the Hmax level, see arrows in Figure 1b, d, and f) . Despite the smaller amplitudes of the MG and LG H-reflexes compared to the soleus, the H-reflex amplitudes of the three muscles were strongly positively correlated with each other. This suggests that, although there are several mechanical and physiological differences between the soleus and the gastrocnemii 11, [15] [16] [17] [18] 20 , the excitability of the H-reflex pathway is modulated in similar ways among the three muscles.
The MG and LG H-reflexes are task-and phase-dependently modulated similarly to the soleus H-reflex
The excitability of the H-reflex pathway is similarly modulated between the soleus and gastrocnemii not only during standing (as discussed above) but also during walking.
Although the H-reflex amplitudes of the MG and LG were smaller than that of the soleus during standing and walking, the standing H-reflexes were larger than the walking Hreflexes in all three muscles (Figure 4 ). The extent of this task-dependent modulation (indicated by the walking reflex/standing reflex ratio) was not significantly different among the three muscles, which suggests that the H-reflexes were similarly modulated between standing and walking among the three muscles. In addition, the modulation indices during walking showed high values for all three muscles (>96%), indicating that the H-reflex amplitudes of all three muscles are similarly modulated with gait cycle phase.
The fact that the MG and LG H-reflexes are task-and phase-dependently modulated in ways similar to the soleus H-reflex supports the hypothesis that the soleus, MG, and LG H-reflex pathways function as one synergistic unit during walking. As suggested by Capaday et al. 1 and Edamura et al. 2 , lowering the reflex gain from standing to walking (i.e., task-dependent modulation) would ensure that the stretch reflex pathways (or net motor outputs) are not saturated during walking so that those muscles can contribute to locomotor activity. Also, during walking, activation of the soleus, MG, and LG motoneurons by Ia excitatory inputs (i.e., stretch reflex activity) in the stance phase would contribute to upward and forward propulsion of the body 4 , while suppression of such reflex activity in the swing phase would prevent it from opposing ankle dorsiflexion (i.e., phase-dependent modulation) 4 . While synergistic modulation of the H-reflex between the soleus and gastrocnemii exists during walking, the activity of other reflex pathways may be modulated differently. For instance, Duysens et al. 20 found facilitation of the crossed reflex activity in the soleus by contralateral sural or posterior tibial nerve stimulation during the early stance phase, while it was suppressed in the MG. It was suggested that this selective recruitment of the soleus is functionally relevant, because activation of the slow, monoarticular soleus would be effective in this period when the ankle plantar flexors are in eccentric contraction to brake dorsiflexion as the body moves forward. On the other hand, activation of the MG, a biarticular muscle, could cause excessive yield by flexing the knee joint.
During walking, not only the Ia afferents, but also Ib, II, and cutaneous afferents contribute to the appropriate activation of the soleus [48] [49] [50] [51] [52] . Modulation of the activity of other spinal reflex pathways in the gastrocnemii has yet to be studied. In summary, the H-reflex amplitudes of the MG and LG are smaller than that of the soleus. Despite these amplitude differences and the functional differences previously reported, the soleus, MG, and LG H-reflexes are similarly modulated between tasks (i.e., standing vs. walking) and within a task (i.e., across the gait cycle). These results support the hypothesis that the soleus, MG, and LG H-reflex pathways function as one synergistic unit during walking.
Soleus H-reflex amplitude is also modulated between walking and running (Capaday and Stein 1 and Edamura et al. 2 , see also Ferris et al. 53 ). Whether the synergistic task-and phase-dependent modulation of the H-reflex among the soleus, MG, and LG extends to running remains to be determined. Examples of typical standing M-waves and H-reflexes at 11 different stimulus levels (a, c, and e) and conventional recruitment curves (b, d, and f) for the soleus (SOL), MG, and LG of one subject. The H-reflexes and the M-waves of the three muscles were recorded simultaneously in response to a series of test stimuli. Their background activity levels were stable throughout. The stimulus level range was 5-17.5 mA, increasing in steps of 1.25 mA (i.e., 11 different levels). In a, c, and e, stimulus level increases from top to bottom, and the arrows indicate the onsets of the M-wave and H-reflex. In b, d, and f, each data point is an average of four responses at the same stimulus level. The Hmax/Mmax ratios were 0.50, 0.14, and 0.16 for the soleus (Mmax 9.9 mV, Hmax 4.9 mV), MG (Mmax 9.1 mV, Hmax 1.3 mV), and LG (Mmax 8.3 mV, Hmax 1.3 mV), respectively. The arrows in b, d, and f indicate the stimulus levels (i.e., just above M-wave threshold) that were used to study the relationships among the SOL, MG, and LG H-reflexes ( Figure 2 ). Correlation of the peak-to-peak H-reflex amplitudes among the soleus (SOL), MG, and LG measured during standing in a single subject (a: SOL-MG, b: SOL-LG, and c: MG-LG). The dotted lines are unity lines, on which amplitudes of two given muscles are the same size. All the data points in a and b were below the unity lines. Although the absolute amplitudes of the MG and LG are much smaller than that of the soleus, they are strongly correlated in a linear fashion. R 2 values are shown in each panel. The H-reflex amplitudes during walking and standing plotted against the background EMG activity for each muscle in one subject. The M-wave amplitudes were well-matched between the two tasks. The H-reflex amplitudes at a given EMG level were larger during standing than during walking in all three muscles. The mean H-reflex amplitudes (normalized using the Mmax amplitude) in the background activity range of 20-60% MVC averaged among all subjects (n=11) for each task. *: The Hreflex amplitudes during walking were significantly smaller than those during standing in all three muscles [p<0.01 in the soleus (SOL) and MG, p<0.05 in LG, paired t-test]. The relative size differences between the tasks were not statistically different among the three muscles. The H-reflex and M-wave amplitudes during walking as a function of a gait cycle (a, c, and e) as well as EMG activity during walking (b, d, and f) in one subject. a, c, e) The gait cycle (from heel contact to the next heel contact) was divided into 12 equal bins and the reflexes elicited in the same bin were averaged together. The M-wave amplitudes (dotted lines) were kept consistent throughout the gait cycle for each muscle. The H-reflex amplitudes were highly modulated between phases in all muscles. The modulation indices for this subject were 98.9, 97.6, and 97.4 for the soleus, MG, and LG, respectively. b, d, f) The locomotor EMG activity for each muscle was obtained by averaging 73 unstimulated steps. The locomotor EMG activity and the amplitude modulation of the H-reflex were similar in each muscle.
